Abstract -Researchers and developers use battery models in order to predict the performance of batteries depending on external and internal conditions, such as temperature, C-rate, Depth-of-Discharge (000) or State-of-Health (SoH) . Most battery models proposed in the literature require specific laboratory test for parameterization, therefore a great majority do not represent an appropriate and feasible solution. In this paper three easy-to-follow equivalent circuit modeling methods based only on information contained in a commercial Li-Ion cell manufacturer's datasheet are presented and validated at steady state, comparing simulation results and manufacturer's curves. Laboratory results are included in order to demonstrate the accuracy of parameters estimation. Results of each method are presented, compared and discussed for a Kokam SLPB 120216216 53Ah Li-Ion cell. Keywords: battery model, Lithium Ion battery, equivalent circuit model, manufacturer's datasheet.
I.

INTROD UCTIO N
It is well known that the performance of batteries varies significantly from the performance of an ideal energy source. In fact batteries are highly non-linear electrochemical systems, governed by a complex mixture of laws of thermodynamics, electrode kinetics and ion transport phenomena. During the last 25 years , numerous mathematical models have been developed by researchers and developers to predict the behavior of batteries, depending on a combination of external and internal conditions [I] :
Internal: Depth-of-Discharge (DoD) , State-of-Health (SoH) , impedance, battery design parameters (chemistry, geometry, electrolyte concentration, electrode thickness, etc.) or self-discharge rate.
External: temperature, C-rate, short-term and longterm history (i.e. cycle life of secondary cells).
The purpose of using battery models can be either [2] :
To estimate the impact ofa preliminary design. To estimate the performance of battery already manufactured under specific conditions of interest.
As a rule of thumb it can be stated that more complex models give more exact and accurate results, but require higher computational complexity and higher configuration effort -moreover specific characterization tests require specific (and expensive) laboratory equipment [2] [3] [4] [5] [6] . It can also be stated that in some cases simple battery models are the most appropriate and feasible solution, e.g. in early stages of the system design process, in non-focused battery applications or whenever low computational complexity or low configuration effort is a requirement. A brief overview of modeling approaches and applications is giv en in Table 1 [2] [3] [4] [5] [6] . Since most battery models proposed in literature require specific parameters obtained with laboratory equipment like frequency response analyzers, high capacity current and voltage controlled bipolar power sources, oscilloscopes, data acquisition systems, calorimeters, temperature chambers, zero resistance ammeters and even more complex electrochemical equipment for post-mortem analysis, very often they are not an appropriate and feasible solution.
In this paper three easy-to-follow modeling methods based only on information contained in a typical commercial Li-Ion cell manufacturer's datasheet are presented, simulated and validated at steady state , including laboratory results to demonstrate the accuracy of the parameter estimation. It should be emphasized that all the information needed is included in datasheets and no laboratory tests are required to parameterize the models.
All the proposed modeling methods are based on equivalent circuit models (abstract approach) and some could be operated in combination (mixed approach) with thermal (physical) or ageing models (empirical approach). Some of the models take into account C-rate and temperature effects on the Open Circuit Voltage vs. DoD characteristic curve, as well as the DoD dependency on the charge and discharge inner resistances. Short term battery dynamics are not considered (typically represented by RC elements in equivalent circuits), since information required for this task is not found in datasheets. Results for a commercial battery are presented, compared and discussed.
II. E QU IVALENT CIRC UIT BATTERY MODELS
Equivalent circuit models (ECM) use electrical circuits to simulate the real performance of a certain device. In case of batteries, e.g. a capacitor can be used to model the battery capacity while the effect of temperature or DoD variations can be modeled by variable resistors and controlled voltage sources.
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If an ideal DC voltage source is used the effect of 000 variations in OCY are not considered -to consider this effect the DC voltage source can be modeled using (I) (1)
[V], 4 ., 
where x [-] Ratio of the actual available capacity divided by the total rated capacity . If more accuracy is pursued, instead of using any of the previous equations, the OCY curve can be estimated directly subtracting the internal resistance voltage drop from the Yoltage vs. DoD discharge curve included in datasheets. It should be noted that this model approach does not consider temperature, SoH variations or Peukert effect. Moreover an identical battery behavior is considered during charge and discharge processes. Therefore its dynamic performance is limited: for instance the accuracy of the simulation will be much lower for high C-rates and high 000 than for C-rates around IC and DoD over 80%. If the effects of temperature and SoH variations are not considered , simply ECMs are used to estimate the battery behavior. However, if those effects are taken into account thermal and ageing models are integrated in the model (mixed approach) [6] .
Such mixed models are typically organized in a three level structure: thermal model use outputs from ECM to predict battery temperature; at the same time ageing model use outputs from thermal and ECM to predict SoH; finally ECM predict voltage (or current), power and DoD according to a certain current (or voltage) operation profile, battery temperature and SoH in a closed loop structure as seen in Fig. I .
In any case different applications emphasize different modeling requirements, resulting in different choices in model design. For example, the optimal design of an energy storage system connected to the electric grid expects maximizing the battery lifetime and minimizing its selfdischarge. Accordingly an ageing model and an ECM that considers self-discharge are needed, but not a thermal model since an accurate temperature control is commonly assumed in these systems.
The three proposed easy-to-follow ECMs based in information from manufacturer's datasheet are presented below for a Kokam SLPB 120216216 -53Ah Li-Ion cell.
A. ECM 1 -Thevenin Battery Model
The first approach is the simplest. The equivalent electrical circuit consists on a constant inner resistance R int in series with a DC voltage source V ocv , which represents the open circuit voltage (OCY), as shown in Fig. 2 . 
B. ECM II -Extended Thevenin battery model I
The second approach is a more complex model that accounts for C-rate and temperature dependence of the capacity and thermal dependence of the DCY. The ECM from Fig. 4 is an extended version of the previous ECM shown in Fig. 3 , but two different inner resistances are considered and a second DC voltage source I1V ocv is connected in series -this DCY correction term is used to account for the variation in DCY induced by temperature changes. The two diodes are ideal and have only symbolic meaning, i.e. to be able to switch between the charging and discharging resistances.
Firstly the DCY curve is estimated in the same way proposed for ECM 1. Then a modeling procedure based only on datasheet's discharge profiles, similar to the method presented in [10] , is followed to calculate the C-rate factor a, the temperature factor f3 and the DCY correction term I1V ocv .
Basically a discharge curve from datasheet is chosen as reference, then its x-axis (DoD) distribution and y-axis position (Yoltage) is manipulated, using respectively a -f3 factors and I1V ocv . The idea is to fit successively this modified curve to each datasheet profile , estimating new values .... Fig. 5 shows results of these calculations for a Kokam 53Ah Li-Ion cell (the reference curve is the I C-rate discharge curve and the reference temperature is 25°C).
Using a and f3 factors DoD is calculated as
In this paper, contrary to [10] , charge and discharge resistances are different. A new procedure is proposed, using (3) in order to estimate the charging resistance Rint,cha from the I C-rate CCCY charging curve included in datasheet.
LiVocv(T ) vocv ( Do D)
Rint.Cha Rint.dis According to this model approach the inner charging resistance Rint,cha is considered constant -therefore is decided to estimate its value only from the linear region of the DCY curve (aprox. 91-16% DoD), as shown in Fig. 6 , resulting an average inner charging resistance for a Kokam 53Ah Li-Ion cell of Rint,cha = 3,69 mfl .
Since temperature effect is considered, the ECM can be operated using an external temperature reference or combined with a thermal model. In [10] a complete set of heat transfer equations (physical approach) is already presented.
C. ECM III -Extended Thevenin Battery Model 2
The last approach is a new extended version of the last Thevenin model, considering Peukert effect and DoD dependency of charge-discharge inner resistances. The ECM consists on an DCY DC source V ocv and two inner resistances: Rint,cha used for charging and Rint.dis for discharging. The ECM diagram is shown in Fig. 7 . Capacity Battery capacity dependency on current level phenomena is modeled by manipulating original Peukert equation (empirical approach) [8, 9] Ba ttery Dischar ge C-rate I-J · . · . · . 
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Internal Charging Resistance
The charging resistance Rint,cha can be calculated as well from the typical CCCV charging curves included in datasheets using (16) in the ECM for each DoD value is equal to the average value of this resistance for all the different current fractions included in datasheet CC discharge curves.
Open Circuit Voltage
For each current fraction shown in datasheets , the OCV dependency on DoD variations can be estimated as (15) [V]. Original Peukert equation states that the battery capacity (Peukert capacity) is the total capacity in Ah that the battery can deliver at a discharge rate of IA. In cell specifications capacity is never given in this way, however using the additional term lfc i the 1C-rate capacity given in datasheets can be correlated to the Peukert capacity (lA capacity)
. (5) Manipulating (2) and (3) the Peukert number is given by (16) [ill ·
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The charge resistance used in the ECM for each DoD value is assumed equal to the average value of this resistance for all the different current fractions included in datasheet CCCV charge curves.
log(1,cl-Iog(1x)
So from (7) Peukert number can be derived for any different discharge current included in the datasheet. Known the Peukert number k , capacity fading is included in the equivalent circuit substituting any discharge current by its equivalent current , and the DoD is calculated as lx,equiv = IlC . C:xJk 
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Therefore, for each pair of data sets shown in datasheets the internal resistance is calculated. Since the resistance is considered current independent, the discharge resistance used Inner resistance dependencies on DoD variation are derived from the datasheet charge-discharge curves . For two different fractions Xl and X 2 of the nominal discharge current lie the terminal voltage Vt is given by
If it is assumed that the inner discharge resistance Rint,dis is independent on the current level, the resistance can be calculated from two data sets, i.e. '" 01l ,g 3, 3 -'- 
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IV. CONCLUSIONS
Three easy-to-follow ECMs that allow an adequate representation of a battery's steady state performance based only on information contained in datasheet are presented and validated in steady state , including models that even take into account DoD dependency on inner charging and discharging Figure 8 shows estimation of inner resistances and OCV characteristic for a Kokam 53Ah Li-Ion cell.
III. MODEL VALIDATION
The ECMs proposed are validated at steady state , comparing simulation results and datasheet curves for a Kokam SLPB 120216216 -53Ah Li-Ion cell.
Simulation results are superimposed on typical manufacturer discharge profiles at reference temperature (Fig.  9, 10 and 11) . It can be seen that simulation results match well for all ECMs. For ECM 111 higher accuracy is observed for higher C-rates due to inner resistance variation. For ECM II and 111 also higher accuracy can be seen for high DoD since Peukert effect is considered.
For the ECM II, since temperature dependencies are taken into account, simulation results are also superimposed on manufacturer temperature characteristics for 1 C-rate (Fig.  12) . Simulation results match very well with datasheet, but lower accuracy is expected for higher C-rates.
Due to space constraints, only simulation results are superimposed on datasheet charge profiles for ECM 111, since during charging the best performance is obtained for this ECM (Fig. 13 ). Higher accuracy would be achieved if current dependency is also considered for inner charging resistance.
Finally, in order to validate the method followed for the ECM III, manufacturer charge-discharge characteristics are reproduced in the lab for a real Kokam 53Ah Li-Ion cell. Inner resistances and OCV characteristic estimated from these profiles are compared with battery parameters extracted from 1 C-rate pulsed current tests. In 
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E § E Depth-of-discharge [%1 resistances and C-rate and temperature effects on the OCV curve. It has also been demonstrated that the values of the inner resistances and the OCV curve estimated using the new method proposed for ECM III are close to experimental values.
It should be noted that the capability of these ECMs to reproduce real battery behavior is limited by the accuracy and veracity of the results shown on manufacturer's datasheets.
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